ABSTRACT. The genetic diversity in the date palm germplasm of 59 female accessions representing 12 cultivars from different locations in Qatar was investigated using 14 loci of simple-sequence repeat (SSR) primers. A total of 94 alleles, with a mean of 6.7 alleles per locus, were scored. The number of alleles per locus varied from 3 (primer mPdCIR090) to 11 (primers mPdCIR010 and mPdCIR015). The amplified SSR band sizes ranged from 104 to 330 bp. The mean gene diversity was 0.66 and ranged from 0.39 (locus mPdCIRO93) to 0.86 (locus mPdCIR015), indicating that the Qatari date palm collection has a high degree of genetic diversity. The heterozygosity ranged from 0 (marker mPdCIR090) to 98% (marker mPdCIR010). Forty-four percent of the variability is explained at the inter-population level, while 56% of the variability is maintained within individuals. However, the loci mPdCIR044, mPdCIR057, mPdCIR090, and mPdCIR093 revealed that the total gene diversity is explained at the inter-population level. The Qatari populations Khalas, Shishi, Barhi, Hillali, Khnaizi, Gar, and Jabri showed significant differentiation compared to all other populations. The average fixation index was 0.24814, showing that about 24.81% of 1625 Genetic diversity of Qatari date palm ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 14 (1): 1624-1635 (2015) the genetic variation was present among populations, which correlated with analysis of molecular variance.
INTRODUCTION
Date palm (Phoenix dactylifera L.) is a long-lived, dioecious, monocotyledonous, fruit plant (2n = 36) belonging to the Arecaceae family (Barrow, 1998) . It is believed to have originated in Mesopotamia, and thousands of cultivars have been reported (Hanachi et al., 1998) . The genome size of date palms was estimated to be approximately between 550 and 650 Mbp (Malek, 2010) . In Qatar, about 447,821 date palms have been planted, which represent 80% of the total planted area. The date palms include 86 cultivars (54 internationally well-known cultivars and 32 Qatari cultivars). Cultivation mostly occurs in the north and middle areas of the state where environmental conditions are favorable and soil has a deep profile with low salinity compared to other parts of the country (Abulfatih et al., 1999 ; General Department for Agriculture Research and Development, 2008) . Date palms have always been clonally propagated to ensure the identity and uniformity of the cultivars.
On the other hand, the conservation of date palm genetic resources has become an important issue regarding the development of date palm production (Oihabi, 2000) and food security in the desert and semi-desert areas of the country. The situation necessitates the evaluation of the genetic diversity of the current date palm cultivars and the preservation of the date palm germplasm worldwide, including Qatar, where the genetic diversity has not been previously studied.
The most common characteristics that are used to identify different cultivars of date palm are the morphology of leaves, spines, and fruit, which are mainly based on the characterization of introduced date palm cultivars in California (Nixon, 1950) . However, morphological traits are often unreliable or imprecise indicators of plant genotype because they are influenced by environmental conditions and vary with the developmental stage of plants. Over the years, many date palm cultivars have been transplanted to areas other than the area of their origin, and they may have been given different names. As a result, a variety may have different names in different areas, or two genetically different varieties may have the same name. This may reduce the genetic diversity of the cultivars, making them vulnerable to biotic and abiotic stresses.
In general, the identification and evaluation of genetic diversity between cultivars on the basis of morphological markers is difficult. The identification of trees is usually not possible until the onset of fruiting, which takes 3 to 5 years. Further, characterizing varieties requires a large set of phenotypic data that are difficult to access statistically and are variable because of environmental effects (Sedra et al., , 1996 (Sedra et al., , 1998 . Biochemical markers (isozymes and proteins) are effective in varietal identification (Bennaceur et al., 1991; Fakir et al., 1992; Bendiab et al., 1993) . However, they give limited information and are an indirect approach for detecting genomic variation.
Therefore, marker technology for DNA fingerprinting has become increasingly important in recent years to discriminate closely related cultivars. Several marker systems have been used to study the genetic diversity of date palm. In brief, randomly amplified polymor-phic DNA (RAPD) fingerprints have been used to identify date palm accessions in Algeria (Benkhalifa, 1999) , Morocco (Sedra et al., 1998) , Tunisia (Trifi et al., 2000) , Saudi Arabia (AlKhalifah and Askari, 2003) , and Egypt (Soliman et al., 2003; Adawy et al., 2006) . Amplified fragment length polymorphic markers have been applied to study the genetic diversity of date palm cultivars in Egypt and California (Cao and Chao, 2002; El-Assar et al., 2005; Adawy et al., 2006) .
Microsatellite or simple-sequence repeat (SSR) molecular markers have been proven to be very powerful in plant diversity analysis because they are locus-specific, have a high degree of polymorphism, have co-dominant inheritance, and are highly reproducible. Numerous reports suggest the usefulness of microsatellite markers for measuring the genetic variability in a wide taxonomic range (Banhos et al., 2008; Chan et al., 2008) . These microsatellite markers have been used to assess the genetic diversity and relationships of date palm varieties in Tunisia (Zehdi et al., 2004) , Sudan (Elshibli and Korpelainen, 2007) , and Oman (Al-Ruqaishi et al., 2008) .
In this study, we aimed to investigate the genetic diversity of date palms in Qatar to improve production and reveal the genetic relationships among 12 date palm cultivars using nuclear microsatellite markers. These cultivars have names that were given by farmers after continuous selection, cloning, and exchange.
MATERIAL AND METHODS

Plant material
Leaf samples from 59 female date palms, comprising 12 cultivars as shown in Table 1 , were collected from different locations as shown in Figure 1 . These cultivars represent the diversity of date palm genotypes in the Qatari date palm plantation. Young leaves from mature, randomly sampled trees, were collected and stored at -80°C, until DNA extraction. 
DNA extraction
The frozen young leaf tissues were cleaned carefully with distilled water to remove the waxy layer, and then 1 g of each leaf sample was cut into small pieces and ground into a fine powder using liquid nitrogen. The DNA was extracted using the QIAGEN DNeasy Plant Maxi kit (QIAGEN, Hilden, Germany), following manufacturer instructions outlined in the DNeasy Plant Handbook. The DNA samples were quantified using a NanoDrop ® ND 1000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and the quality was determined by electrophoresis of DNA samples (2 µL) on 0.85% agarose gels and separated at 100 V for 30 min; following this, the gel was stained with ethidium bromide and viewed under an ultraviolet transilluminator. 
Microsatellite amplification
Fourteen labeled primer pairs, as described by Billotte et al. (2004) , were synthesized by Applied Biosystems (Life Technologies Europe BV, Belgium) and are presented in Table  2 . A polymerase chain reaction (PCR) was performed using a 25-µL reaction mixture containing 2 µL (5 ng) total genomic DNA, 12.5 µL AmpliTaq Gold ® 360 Mastermix (Applied Biosystems), 1 µL 5 µM forward primer (labeled), 1 µL reverse primer, and 8.5 µL nucleasefree water. Amplification was carried out in a Veriti 96 Well Fast Thermal Cycler (Applied Biosystems) under the following conditions: initial denaturation at 95°C for 10 min; 35 cycles of denaturation at 95°C for 30 s, annealing temperature depending on primer for 30 s, and extension at 72°C for 1 min; and a final extension at 72°C for 7 min. 1 μL PCR product mixed with 10 μL Hi-Di Formamide and 0.3 μL GS500LIZ followed by denaturation at 95°C for 3 min. The sample was then kept on ice for genotyping in a 3130 Genetic Analyzer. Automatic genotyping and allele scoring were performed by the GeneMapper ® Software v4.0 (Applied Biosystems).
No.
Primer Table 2 . Forward and reverse microsatellite primers and the melting temperature (Tm) used in this study .
Data analysis
Data were analyzed with the PowerMarker software v3.0 (Liu and Muse, 2005) to determine the percentage of heterozygosity, major allele frequency, number of alleles, gene diversity, and polymorphic information content. The total gene diversity (H T ), mean gene diversity within groups (H S ), and the genetic differentiation among groups (G ST ) were calculated using genetix version 4.04 (Belkhir et al., 2001) . Analysis of molecular variance (AMOVA) was used to describe the variability among individuals within and between populations using the ARLEQUIN 3.11 software (Excoffier et al., 2005) . The phylogenetic relationships among the genotypes and phylogenetic diagrams were drawn using the Past software version 1.91 (Hammer et al., 2001 ) on the basis of the Hamming similarity index with 100 bootstraps.
RESULTS AND DISCUSSION
The microsatellites that were examined were highly polymorphic, possessing a great number of alleles. A total of 94 alleles with a mean of 6.71 alleles per locus were scored. The number of alleles per locus varied from 3 (primer mPdCIR090) to 11 (primers mPdCIR010 and mPdCIR015 (Table 3 ). The numbers of alleles per locus detected in this study were lower than those scored by Zehdi et al. (2004) , who recognized 7.14 alleles per locus when examining 46 Tunisian date palm accessions by using 14 microsatellite loci. On the other hand, Elshibli and Korpelainen (2007) identified 21.4 alleles per locus, which is more than the number of alleles per locus detected in this study. This may be a result of using a greater number of microsatellite loci (16) The primer mPdCIR063 did not amplify a PCR product in our samples. Zehdi et al. (2004) found that of 16 primer pairs tested in Tunisian date palms, only 14 yielded successful amplification. However, 10 of 16 (62.5%) primer pairs were selected for full analysis based on the quality of the amplification in the study by Al-Ruqaishi et al. (2008) in Omani date palm.
The 14 primers used in this study successfully produced clear amplified SSR bands with sizes ranging from 104 bp (primers mPdCIR015 and mPdCIR016) to 330 bp (primer mPdCIR044) (Table 3) . These results were similar to those of Ahmed and Al-Qaradawi (2009), where the band sizes ranged from 100 to 300 bp. Interestingly, the 14 microsatellite primers and 59 female date palm samples used in this study formed 142 genotypes with a mean of 10.14 genotypes per primer (Table 3 ). The highest was 19 different genotypes scored with primer mPdCIR085, but only 3 different genotypes were scored with primer mPdCIR090.
The mean gene diversity was 0.66 (Table 3) , and it ranged from 0.39 (locus mPdCIR093) to 0.86 (locus mPdCIR015), indicating that the Qatari date palm collection is characterized by a high degree of genetic diversity. This level of gene diversity is close to that from the data reported for the Tunisian date palm germplasm (Zehdi et al., 2004) and less than the 0.853 reported for the Sudanese date palm (Elshibli and Korpelainen, 2007) . This high level of diversity is expected because of the unique mechanism that is responsible for generating SSR allelic diversity by replication slippage. Replication slippage is thought to occur more frequently than single nucleotide mutations and insertion/deletion events, which generate the polymorphisms that are detected by RAPD analysis (Powell et al., 1996) .
The observed heterozygosity ranged from 0 (marker mPdCIRO90) to 98% (marker mPdCIRO10), with an average of 57% (Table 3) , Homozygous alleles showed only 1 peak, while heterozygous alleles showed 2 peaks (Figures 2 and 3) . However, except 3 loci (mPdCIRO90, mPdCIR093, and mPdCIR025), most of the studied loci showed heterozygosity over 50%, which is expected in date palms because they are outcross trees. The percentage of observed heterozygosity in this study is much lower than 0.84 and 0.82 in Sudan and Morocco date palm cultivars, respectively (Elshibli and Korpelainen, 2007) . The polymorphism information content value, which is commonly used in genetics as a measure of polymorphism for a marker locus used in linkage analysis, ranged between 0.36 (mPdCIR093) and 0.84 (mPdCIR015), with an average of 0.62. This average value is similar to the value of 0.65 in Guinea yam using 15 microsatellite loci (Obidiegwu et al., 2009) .
H T , H S , and G ST values are reported in Table 4 . H S and G ST values are nearly similar, suggesting that the H T is attributable either to the gene diversity within populations or the genetic differentiation among populations. For instance, the multiloci H S , H T , and G ST values are 0.3751, 0.6709, and 0.4409, respectively. We may therefore assume that 44% of the variability is explained at the inter-population level, while 56% of this variability is maintained within individuals. However, the loci mPdCIR044, mPdCIR057, mPdCIR090, and mPdCIR093 revealed that the H T is explained at the inter-population level.
Additionally, AMOVA to determine the partitioning of the molecular variance among the defined populations corroborates this result. In fact, significant percentages of variance were scored among the defined populations (24.81%; P < 0.002%) and within individuals (88.82%; P < 0.002%). This scored AMOVA partition indicates the presence of considerable genotypic variation among the sampled cultivars.
The fixation index (F ST ) values between different populations based on 14 microsatellite loci varied from 0.03226 to 0.40514 (Table 5 ). The Qatari populations Khalas, Shishi, Barhi, Hillali, Khnaizi, Gar, and Jabri showed significant differentiation compared to all other populations. The average value of F ST was 0.24814, indicating that about 24.81% of the genetic variation was present among populations, which correlates with AMOVA. 
Shishi ( Moreover, environmental effects and interactions between environmental and genetic factors may strongly contribute to the fruit traits of date palm. The long history of date palm domestication with an unknown origin (Wrigley, 1995) and the nature of date palm culture may have played an important role in the composition of date palm genomes. Considering the observed weak clustering of the cultivars in this study, we suggest that these cultivars are not a result of intact cloning processes. We expect that the propagation cycles performed by farmers were disrupted by a mixture of plants derived from seeds. This may occur because propagation by seeds is much faster; seeds germinate easily and are available in large numbers, and sometimes seeds germinate just under their mother trees. This suggestion can be supported also by the high genetic diversity that was observed within groups.
On the other hand, pollination is mainly mechanical. The farmers depend on few selected males for the pollination of female trees. Male trees are selected for fruit quality and are exchanged between farmers (Osman, 2001) . Pollen grains of more than one male are sometimes mixed and used for pollination. New cultivars are the result of a continuous selection process that is carried out by farmers in their fields following sexual reproduction. The exchange of propagules, which are a mix of vegetative and seed-propagated materials, is conducted between farmers. All these processes together may result in a mixed date palm genome within the country.
A dissimilarity matrix between Qatari date palm cultivars showed an average dissimilarity coefficient that ranged from 0.036 to 0.962. The cultivars studied here were highly divergent at the DNA level. The lowest dissimilarity coefficient value was observed between Khalas N2 and Khalas E3 (0.036), which seem to be the 2 closest individuals with 96.4% similarity and can be closely grouped (Figure 4 ). The next close cultivars have a dissimilarity coefficient of 0.07 (Khalas S2 and Khalas E2). A dissimilarity coefficient value of 0.96 was obtained between Iraqi S2 and Khnaizi W1, indicating that the distance of their relationship may be due to introducing the Iraqi cultivar in the Qatari area. The next dissimilar cultivars, with a value of 89%, were Marzaban N1 and Shaishi N1. Molecular markers can provide an effective tool for the efficient selection of desired agronomic traits because they are based on the plant genotypes. Thus, they are independent of environmental variation. Several molecular markers are currently employed. Of these, SSRs or microsatellites are the most widely used marker type. SSRs are very common and hypervariable for repetitive DNA motifs in the genomes of eukaryotes (Rallo et al., 2000; Van der Schoot et al., 2000) . All of the cultivars displayed different levels of dissimilarity, but they were still grouped together (Figure 4) . The variation or polymorphism of SSRs is thought to be a result of polymerase slippage during DNA replication or unequal crossing over (Levinson and Gutman, 1987) . Fortunately, the revealed SSR alleles were successfully used to molecularly discriminate a nearly unlimited number of date palm cultivars. Compared to other studies of date palms, the scored percentage of resolution is higher than those observed using isoenzymes (Booij et al., 1995; Salem et al., 2001 ) and plastid DNA haplotypes (Sakka, 2003) . These authors reported 69, 93, and 71% resolving power, respectively. Our results provided neutral molecular markers that are powerfully suitable for cultivar identification. Their transfer to other laboratories over the world would be of great interest to label offshoots, any other plant material at an early stage, and in vitro plantlets. Our data provide evidence for the possibility of using these powerful markers as descriptors in the certification and control of origin labels of date palm material.
The phylogenetic diagram illustrates the divergence between the studied Qatari date palm cultivars (Figure 4 ) and suggests 4 branches. The Iraqi, Diqla, and Tanazel cultivars were clustered separately from the rest of the cultivars. The phylogenetic tree showed 3 major clusters. The first cluster included 3 cultivars (Khnaizi, NabetSaef, and Marzaban), the second cluster contained 4 cultivars (Barhi, Jabri, Qar, and Hillali), and Khalas and Shaishi were grouped in a separate cluster (Figure 4) . A consensus tree for 58 Qatari date palms representing 12 cultivars (Figure 4 ) exhibited weak clustering relationships with bootstrapping values.
Genetic diversity is desirable for long-term crop improvement and reduced vulnerability to important crop diseases. Measurements of genetic diversity can be used in breeding programs to increase the genetic variation in populations by crossing cultivars with a high level of genetic distance and for the introgression of exotic germplasm. Molecular genetic diversity estimates are extremely useful for intellectual property protection, particularly in the determination of essential derivation. The genetic diversity estimates based on molecular marker data may be compared to a minimum genetic distance, which indicates that two cultivars are not essentially derived (Lefebvre et al., 2001) .
